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OBJECTIVES We report on the initiation of ventricular fibrillation (VF) storm in patients with ischemic
cardiomyopathy (ICM) and the results of targeted ablation to treat VF storm.
BACKGROUND Monomorphic premature ventricular contractions (PVCs) have been shown to initiate VF in
patients without structural heart disease.
METHODS A total of 29 patients with ICM and documented VF initiation were identified. In 21
patients, VF storm was controlled with antiarrhythmic drugs and/or treatment of heart
failure. Eight patients with VF (mean 52  25 episodes) refractory to medical management
required ablation. All patients underwent three-dimensional electroanatomical mapping
using CARTO (Biosense-Webster Inc., Diamond Bar, California), and PVCs were mapped
when present. Scarred areas were identified using voltage mapping.
RESULTS Monomorphic PVCs initiated VF in all 29 identified patients. Five of eight patients requiring
ablation had frequent PVCs that allowed PVC mapping. The earliest activation site was
consistently located in the scar border zone. The PVCs were always preceded by a
Purkinje-like potential (PLP). Ablation was successfully performed at these sites. In three
patients, infrequent PVCs prevented mapping, but PLPs were recorded around the scar
border. Ablation targeting these potentials along the scar border was successfully performed.
During follow-up (10  6 months), one patient had a single VF episode and another
developed sustained, monomorphic ventricular tachycardia. There was no recurrence of VF
storm.
CONCLUSIONS Ventricular fibrillation in ICM is triggered by monomorphic PVCs originating from the scar
border zone with preceding PLPs; targeting these PVCs may prevent VF recurrence. In the
absence of PVCs, both substrate mapping and ablation appear to be equally effective. (J Am
Coll Cardiol 2004;43:1715–20) © 2004 by the American College of Cardiology FoundationM
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tatients with ischemic cardiomyopathy (ICM) have an
ncreased risk of life-threatening arrhythmia, including
entricular tachycardia (VT) and ventricular fibrillation
VF). Furthermore, frequent episodes of VF may predict a
igher risk of mortality despite the presence of an implant-
ble cardioverter-defibrillator (ICD) (1). Recently, the Pur-
inje system and premature ventricular contractions (PVCs)
ave been shown to be responsible for the initiation of VF
n patients with no structural heart disease (2–4). A similar
echanism has also been reported in four patients with
lectrical storm early post-myocardial infarction (MI) (5),
ut it is still unknown whether this is a consistent mecha-
ism in patients with ICM. The present multicenter study
eports on the mode of initiation of VF storm in 29 patients
ith remote MI and ICM and the use of catheter ablation
n 8 of these patients to treat refractory VF storm.
From the Section of Cardiovascular Electrophysiology, Department of Cardiology,
leveland Clinic Foundation, Cleveland, Ohio.
Manuscript received February 2, 2004; revised manuscript received February 26,a004, accepted March 2, 2004.ETHODS
atients. Between January 2001 and June 2003 in four
articipating institutions, we sought to collect information
n and document the mode of initiation of VF storm in
atients with ICM. The ethics review boards at all four
nstitutions approved the study. We only included patients
ith remote MI (6 months ago) and cases for which the
nitiation of VF storm was clearly documented on Holter or
elemetry monitoring. Patients with torsade de pointes with
ong-short coupling initiation, acute coronary syndromes,
nd/or drug-induced pro-arrhythmia were not included in
he collection. All patients were initially managed medically,
ncluding antiarrhythmic drug therapy, management of
eart failure, and correction of electrolytes if necessary.
apping and ablation. For those patients refractory to
edical stabilization and who had triggering PVCs before
heir VF, electrophysiologic mapping and catheter ablation
as attempted. Multipolar catheters were positioned from
he femoral veins into the right ventricular apex and/or right
trium. Access to the left ventricle was via a retrograde
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Initiation and Ablation of Ischemic VF May 5, 2004:1715–20ortic approach. The left ventricle was mapped using a 7-F
-mm tip catheter (Navistar, Biosense-Webster Inc., Dia-
ond Bar, California). Surface electrocardiographic leads
nd bipolar intracardiac electrograms were recorded and
ltered at 30 to 400 Hz (Prucka Inc., Milwaukee, Wiscon-
in). Patients were heparinized to maintain an activated
lotting time of 300 to 400 s during left-sided mapping.
In patients with frequent PVCs resembling the PVC
orphology that initiated their electrical storm, three-
imensional activation mapping of the PVC was performed
sing CARTO (Biosense-Webster Inc.). If no spontaneous
VCs were detected, an isoproterenol infusion (up to 6
g/min) was used to induce more PVCs. Based on previ-
usly published data in normal hearts, careful attention was
ade to identify any low-amplitude, high-frequency,
urkinje-like potentials (PLPs) preceding the PVCs at the
arliest activation sites of the PVC. The simultaneous
oltage map was used to identify infarct-related scar and to
efine the scar border zone. Scar tissue was defined as a local
oltage of 0.5 mV and normal tissue as 1.5 mV.
In patients in whom PVCs could not be detected in
ufficient quantity to permit PVC mapping, sinus rhythm
ubstrate mapping was performed using CARTO (Biosense-
ebster Inc.). Scar and scar border zones were defined as
reviously mentioned. Based on previous data demonstrat-
ng the pro-arrhythmic nature of the scar border zone (6)
nd our own early experience with the location of PVCs in
he first three patients of this series, careful mapping along
he border zone was performed to identify similar low-
mplitude, high-frequency PLPs previously mentioned.
Radiofrequency (RF) ablation was performed in all pa-
ients with a cooled-tip ablation catheter (Navistar,
iosense-Webster Inc.). This catheter was used to allow
igher power delivery to a maximum of 60 W and temper-
ture of 55°C. The RF current was applied for a maximum
f 120 s at a time. For patients with inducible PVCs, the
arliest activation site of the PVC was targeted. Ablation
as considered acutely successful if no PVCs could be
ocumented 30 min after the last RF lesion. If PVCs
ecurred, more RF lesions were applied in the target region.
or those patients without inducible PVCs, ablation was
erformed along the scar border zone in locations where the
LPs were identified. The end point was application of scar
order zone lesions until all PLPs were abolished.
Abbreviations and Acronyms
ICD  implantable cardioverter-defibrillator
ICM  ischemic cardiomyopathy
LVAD  left ventricular assist device
MI  myocardial infarction
PLP  Purkinje-like potential
PVC  premature ventricular contraction
RF  radiofrequency
VF  ventricular fibrillation
VT  ventricular tachycardiacollow-up. Post-ablation patients were followed at 1, 3, 6,
nd 12 months. Patients with ICDs had interrogation at
ach follow-up for detection of non-sustained/asymptomatic
entricular arrhythmias. One patient remained hospitalized
ost-ablation awaiting cardiac transplantation on telemetry.
ecurrence was defined by patient symptoms, ICD shocks,
nd/or detection of ventricular dysrhythmias on device
nterrogation.
ata. All data are presented as a mean standard deviation.
ESULTS
ode of initiation of VF storm. A total of 29 patients
ith VF storm were identified who met the inclusion
riteria. All patients had ICM with an average ejection
raction of 17  4%. Additionally, 28 of 29 patients had
CDs; 8 (27%) patients presented with electrical storm in
he setting of decompensated heart failure, and 5 (17%)
atients presented post-open heart surgery. The remaining
atients (n  16) presented with “spontaneous” electrical
torm without any clear precipitant. None of the patients
ad acute, ischemic electrocardiographic changes, signifi-
ant elevations in cardiac enzymes, or new severe coronary
rtery lesions.
The mean number of VF episodes over 24 h was 7.5 
.0. In the majority of patients (21 of 29), electrical storm
as stabilized with treatment of decompensated heart fail-
re (n  5), or antiarrhythmic drug therapy (n  16; 15 on
miodarone, 1 on dofetilide). In the eight remaining pa-
ients, VF storm was refractory to medical therapy, with
even patients having ongoing ICD discharges and one
atient having multiple arrests with hemodynamic compro-
ise despite the presence of a left ventricular assist device
LVAD).
In all 29 patients, VF storm was observed to initiate with
monomorphic PVC (Figs. 1A and 1B). The PVC had a
ight bundle-branch block pattern in all cases, with a mean
RS duration of 178  25 ms. Five of the beats had a
uperior axis and 24 had an inferior axis. The mean coupling
nterval of the PVC was 195  45 ms.
blation of VF storm. The eight patients who had refrac-
ory VF storm underwent electrophysiologic mapping and
blation. Baseline characteristics of these patients are de-
ailed in Table 1.
Table 2 shows the mapping, ablation, and follow-up
esults for the patients who underwent ablation. Four of
ight patients presented to the laboratory with frequent,
pontaneous monomorphic PVCs, which triggered episodes
f non-sustained polymorphic VT. In one of eight patients,
soproterenol at 3 g/min was needed to reproduce the
linical PVC in sufficient quantity to allow mapping. In the
emaining three patients, no PVCs were induced and sinus
hythm mapping was performed.
In the five patients with spontaneous PVCs, mapping of
he monomorphic PVC was performed. In all five cases, the
linical PVC was preceded by a low-amplitude, high-
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May 5, 2004:1715–20 Initiation and Ablation of Ischemic VFrequency potential resembling a PLP (Fig. 1C). The
otential preceded the PVC by a mean of 68  20 ms
Table 1) with a fixed coupling interval. In all five patients,
he earliest site of activation of the PVC was localized
ithin the border zone of the ischemic scar (Fig. 2).
blation was performed in this region in all five patients.
cutely, no PVCs were detected post-ablation. However, in
wo patients, additional, fast, monomorphic VT (not VF)
as induced by programmed ventricular stimulation. These
Ts were mapped and ablated. In both cases, several RF
igure 1. Panels A and B depict electrocardiographic (ECG) strips from
shows a monomorphic premature ventricular contraction (PVC) (*) initiat
orphology PVC (*) initiating VF. Panel C depicts surface ECG (I, II, III
he ablation catheter (ABLp). The vertical caliper lines on the third beat
s. Similar high-frequency Purkinje-like potentials are also seen during th
n patients without spontaneous PVCs along the scar border.esions along the scar border zone had to be applied to Aliminate the induced VT. No VT or PVCs were induced
fter this procedure.
Based on the early observation from three of five of the
bove patients that the triggering PVC was consistently
ocalized to the scar border zone, mapping for PLPs and
blation was performed on this zone in the remaining three
atients in whom spontaneous PVCs could not be induced.
n all three patients, low-amplitude, high-frequency poten-
ials similar to those preceding target PVCs were observed
uring sinus rhythm along the scar border zone (Fig. 1C).
entricular fibrillation (VF) storm patient who underwent ablation. Panel
on-sustained polymorphic ventricular tachycardia. Panel B shows the same
R, AVL, AVF, V1, V2, V3, V4, V5, V6) and intracardiac recordings from
tracing (†) indicate a high frequency potential preceding the PVC by 70
sinus beats that precede the PVC (arrows). Similar potentials were seenone v
ing n
, AV
of the
e twoblation lesions were applied all along the length of the
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Initiation and Ablation of Ischemic VF May 5, 2004:1715–20order zone in order to eliminate all detected potentials.
fter the procedure, a fast, monomorphic VT was induced
n one patient, but no further ablation was performed
ecause of hemodynamic instability during VT.
ollow-up. The VF storm acutely subsided in all eight
atients post-ablation. At a mean follow-up time of 10  6
onths, only one patient (the one with an LVAD) experi-
nced a single episode of VF. Another patient developed a
low, monomorphic VT (cycle length 580 ms), which
esulted in a single ICD shock over 11 months. It was
emodynamically stable and successfully ablated. In three
atients, non-sustained episodes of monomorphic VT were
ocumented through ICD interrogation, but none resulted
n any ICD therapy.
None of the eight patients died during follow-up of either
rrhythmia or heart failure. One death occurred during
ollow-up in the LVAD patient secondary to septic shock.
ISCUSSION
he primary findings of our study are that: 1) even in the
resence of ICM, VF storm is frequently initiated by
onomorphic PVCs; 2) these triggering PVCs appear to be
elated to PLPs originating from the scar border zone; and
) ablation of these PVCs and/or potentials in the border
one region can control VF storm. All patients at post-
blation were free of VF storm and free of arrhythmia over
Table 2. Mapping and Follow-Up Data of Pat
Patient
# Scar Location
Territory of
Remote MI
PLP
(
1 Anteroseptal LAD
2 Anteroseptal LAD N
3 Posteroseptal RCA N
4 Posteroseptal RCA
5 Anterolateral LAD
6 Anteroseptal LAD N
7 Anterolateral LAD
8 Lateral Cx
Cx  circumflex artery; ICD  implantable cardioverter-d
infarction; N/A not applicable; PLP-PVC duration from
able 1. Baseline Characteristics of Patients Undergoing
blation
ge (yrs) 65  8
ender (male) 6/8
jection fraction (%) 15  4
mplantable defibrillator 7/8
eft ventricular assist device* 1/8
evascularization in last 6 months 6/8
ime since last myocardial infarct (months) 11  5
ean number of VF episodes at presentation 52  25 (range 35–89)
ime from initial VF to ablation (days) 14  20
ntiarrhythmic therapy pre-ablation
Amiodarone 8/8
Mexilitine 1/8
Procainamide 1/8
Implanted for refractory heart failure and as bridge to transplantation.
VF  ventricular fibrillation. right coronary artery; VF  ventricular fibrillation.relatively long follow-up, or they experienced only a
poradic event. This is the first report to describe initiation
nd ablation of VF storm in patients very remote from MI.
his is also the first report to suggest that empiric ablation
f PLPs in the scar border zone without inducible PVCs can
lso successfully control VF storm.
Our results are consistent with other studies that have
emonstrated that VF is initiated by PVCs in normal
earts, and that ablation of these PVCs may prevent VF
2,3). Our findings also agree with a recent report of four
atients with electrical storm early post-MI triggered by
VCs and controlled by PVC ablation (5). Although others
ave suggested the scar border zone as the principal source
f triggering potentials (5,7), our study emphasizes this
oint by demonstrating that empiric ablation of PLPs along
he border zone successfully controls VF storm. Data from
nimal models have also long demonstrated the border zone
s an important site of triggered PVCs and ventricular
ysrhythmias (8,9). Thus, our anatomical approach target-
ng the border zone may be promising in the treatment of
F in ICM, but it requires further validation. Definition of
he border zone may be difficult in patients with extensive
car, but we did not find that this limited us, even in the
VAD patient. Furthermore, a similar procedure has been
uccessfully reported for treatment of hemodynamically
nstable VT (10).
Whether eliminating all potential triggers along the
order zone is superior to targeting a single PVC is unclear
nd warrants further study. In all 29 cases of our report, a
onomorphic PVC was responsible for triggering VF,
uggesting that focused ablation of this PVC (when possi-
le) should be sufficient.
Our finding that PVCs were consistently preceded by
ow-amplitude, high-frequency PLPs supports the hypoth-
sis that triggered activity from these fibers is responsible for
he PVCs that initiate VF (4). In animal models, triggered
ctivity from surviving distal Purkinje arborizations in the
car border is required for the development of VF (11).
owever, triggered activity can also result via electrotonic
nteractions between ischemic and normal myocardial cells
8). Micro–re-entry could also cause PVCs, because co-
xisting scar and viable myocardium create opportunities for
Undergoing VF Storm Ablation
Recurrence
of VF
Recurrence
of VT
ICD
Discharge
No Sustained Yes
No No No
No Non-sustained No
No Non-sustained N/A
Yes No No
No Non-sustained No
No Non-sustained No
No No No
lator; LAD  left anterior descending; MI  myocardial
nje-like potential to premature ventricular contraction; RCAients
-PVC
ms)
70
/A
/A
38
76
/A
48
88
efibril
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May 5, 2004:1715–20 Initiation and Ablation of Ischemic VFlectrical re-entry (6). The PLPs we observed could repre-
ent diastolic potentials in a re-entrant circuit, but those are
sually more fractionated and a much lower frequency than
he potentials described in this report.
An important clinical finding was that most of the 29
atients initially identified responded to medical manage-
ent of VF storm (n 21). Therefore, ablation is a therapy
est reserved to that small proportion of patients who fail
edical management.
tudy limitations. The observation that PVCs triggered
F storm in all 29 patients reported suggests that this
echanism may be responsible for a significant proportion
f VF storm, but not necessarily all VF storm. We cannot
uantify the proportion as our study selected only those
atients who survived long enough to present to the hospital
nd have their episodes documented. We also cannot rule
ut that in the eight patients undergoing ablation, arrhyth-
ia subsided as part of the natural history of electrical storm
12) rather than due to ablation. This is unlikely, however,
iven the frequent and resistant nature of the VF episodes;
t would have been very coincidental that storm subsided
mmediately post-ablation in all eight patients. Finally,
iven our limited follow-up duration, we cannot draw any
onclusions as to whether ablation for VF in ICM provides
igure 2. Three-dimensional voltage CARTO (Biosense-Webster Inc.)
brillation storm and also had a left ventricular assist device (LVAD). Re
bnormal tissue in the scar border zone. Purple indicates normal volta
ontractions preceded by high frequency Purkinje-like potentials were map
car region in the border zone. MA  mitral annulus.ny long-term or mortality benefit.onclusions. The VF storm in patients with ICM seems
o be triggered by monomorphic premature ventricular
eats, which appear to be driven by Purkinje-like triggered
ctivity originating from the scar border zone. Ablation of
hese triggers may be performed safely and may prevent
ecurrence of future VF. Furthermore, substrate-mapping
hat targets PLPs along the scar may be a suitable and
qually effective alternative approach in patients who have
o premature beats at the time of ablation.
eprint requests and correspondence: Dr. Andrea Natale, Co-
ection Head of Pacing and Electrophysiology, Director Electro-
hysiology Laboratory, Co-Chairman Center for Atrial Fibrilla-
ion, Cleveland Clinic Foundation, 9500 Euclid Avenue, Desk F
5, Cleveland, Ohio 44195. E-mail: natalea@ccf.org.
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